Objective To investigate the impact of maternal stress during pregnancy on newborn iron and stage 1 iron deficiency at 1 year of age.
I
ron deficiency is prevalent worldwide, 1 more common in women, 2 and of clinical concern for children. [3] [4] [5] [6] Several gestational conditions can reduce iron levels in newborn infants, including maternal obesity, gestational diabetes, hypertension, and fetal overgrowth, increasing the subsequent risk for infantile iron deficiency. [7] [8] [9] Despite a reduction in clinical anemia, moderate (stage 1) iron deficiency in the US has remained stable at >7%, especially in infants of younger and poorer mothers. 2, [10] [11] [12] The American Academy of Pediatrics Committee on Nutrition and the World Health Organization now recommend universal screening for anemic or preanemic iron deficiency at 1 year of age, in addition to earlier screening of high-risk infants. 1, 13 Prevention programs would benefit from a more comprehensive identification of maternal and prenatal risks that contribute to iron deficiency.
Iron sequestration is an evolutionarily conserved response to infection, trauma, and stress, mediated in part by a hepcidininduced reduction of iron absorption. Although adaptive acutely, sequestration may inhibit placental iron transfer. [14] [15] [16] [17] Consistent with this view, stress can decrease iron absorption, inhibiting erythropoiesis and hemoglobin (Hb) synthesis. 18, 19 Daily maternal stress in pregnant monkeys increased the likelihood that infants became anemic. 20 Furthermore, Israeli women who were living in a war zone during their first trimester of pregnancy delivered infants with lower cord blood ferritin (cord blood plasma ferritin), a primary iron-storage protein. 21 Our study evaluated whether these conclusions generalize to subjective experiences of a stressful pregnancy and included a follow-up determination of the incidence of stage 1 iron deficiency in breastfed infants. We focused on enduring effects in infants who were breastfed because they would not have access to the extra iron in fortified formula. 6 Maternal stress also may synergize with other factors known to affect the placental transfer of iron,
Methods
This prospective, observational cohort study enrolled women and their healthy newborn infants with risk factors for infantile iron deficiency. Known risk factors for insufficient fetal iron allotment included maternal anemia diagnosed at the initiation of prenatal care, maternal obesity, gestational diabetes, late preterm birth, fetal undergrowth or overgrowth, and maternal ethnic minorities or low socioeconomic status (SES). 7, 9, 24 To evaluate obesity, maternal morphometric measures were used to calculate prepregnancy and delivery body mass index (BMI). Small for gestational age (birth weight <10th percentile), large for gestational age (LGA; birth weight >90th percentile), and maternal diabetes were verified from the digital health records. Assistance from the supplemental program for Women, Infants, and Children or Medicaid was used as a proxy for designating lower SES. Because male infants often are more vulnerable to gestational stress, and their tendency for faster growth places greater demands on iron, 25, 26 we considered the additional influence of infant sex.
After informed written consent was obtained, women who were >18 years old, fluent in English or Spanish, and with a singleton pregnancy participated. Exclusion criteria included fetal congenital anomaly, chromosomal abnormality, neonatal intensive care unit admission or other complications, and birth at <35 weeks of gestation (given that placental iron transfer is greatest in late pregnancy). 27 Women were not selected for having experienced extreme stress or major stressful life events. To maximize generalizability, we included infants born at the Meriter Hospital Birthing Center via vaginal or cesarean delivery. A subset of the vaginal births, through provider preference, had cord clamping delayed until pulsations had stopped. This study was approved by the institutional review boards of the University of Wisconsin-Madison and Meriter Hospital, and recruitment took place between June 2008 and August 2010.
Blood Collection at 1 Year of Age in Infants Who
Were Breastfed Follow-up blood collection evaluated infant iron status at 1 year, with a focus on the subset who breastfed for >6 months to preclude the influence of iron-fortified formulas. Of the 245 participants who met inclusion criteria, completed the stress questionnaire, and had cord blood iron indices at delivery, 136 returned for the later blood tests. Seventy-nine of the 136 infants (32% of original sample) were breastfed until at least 6 months of age and were included in this follow-up analysis. Stage 1 iron deficiency at 1 year was defined as plasma ferritin <12 µg/L. 28 Three children had mildly elevated white blood cell counts (<16. 5 10 9 /L) at 1 year of age. We verified that plasma ferritin did not differ in these infants and found no relationship between cell count and iron indices. Dietary histories also were obtained, including duration of breastfeeding, formula use, and age when solid foods were introduced.
Sample Collection and Laboratory Tests
Umbilical cord blood was collected at delivery, stored at 4°C in EDTA anticoagulant tubes, and assayed within 8 days. After being washed to remove interfering pigments, zinc protoporphyrin/heme (ZnPP/H) was measured with a FrontFace Hematofluorometer (Aviv Biomedical Co, Lakewood, New Jersey). 29 ZnPP/H is a measure of zinc substitution for unavailable iron in red blood cells and known to be sensitive to moderate iron deficiency. The top fraction or reticulocyteenriched (RE) ZnPP/H was measured in the immature, lightest 6.25% of cells, in a fashion analogous to reticulocyte Hb. D-ZnPP/H was calculated as the difference between the washed and RE-ZnPP/H and is especially sensitive for identifying impaired erythrocyte iron delivery in neonates. 29 Plasma ferritin was quantified with a commercial human enzyme-linked immunosorbent assay kit by Bio-Quant (San Diego, California) in duplicate, with intra-assay coefficient of variation <7.5%
Perceived Maternal Stress
Women completed the Perceived Stress During Pregnancy questionnaire within 48 hours after delivery. Because pregnancyspecific anxiety rather than general anxiety has been more related to birth outcomes and neuroendocrine activation, 30, 31 our questionnaire focused on perceived stress during gestation. It was adapted from the Prenatal Social Environment Inventory 32 used by others. 33, 34 The adapted questionnaire probed stressors specific to pregnancy health and wellbeing concerns and stress associated with finances, parenting, familial and partner relationships, housing, and employment (see Appendix for final questionnaire and validation [available at www.jpeds.com]). All items were scored on a 0-10 Likert scale, ranging from 0 (did not happen) to 10 (extremely disturbing), with the lowest total score being 0 and 250 the highest score. Total scores were used, and a stress score greater ≥32 (mean score) was considered to be indicative of having experienced some stress during pregnancy.
Statistical Analyses
Statistical tests were conducted via SPSS, Version 23.0 (IBM Corp, Armonk, New York) and R (R Core Team, R Foundation for Statistical Computing, Vienna, Austria, 2015). For the questionnaire evaluation, internal-consistency reliability was examined with the Cronbach a and item-total correlation. Factor analysis with principal axis factoring and varimax rotation was conducted to explore factor structure and to determine construct validity. The normality of the distribution for each continuous study measure was tested with the ShapiroWilk test and log-transformed as appropriate. To limit the influence of extreme outliers, 1 RE-ZnPP/H and D-ZnPP/H value was winsorized and set at the upper 3 SD point. 35 ANCOVA and linear regression were used to test the association between maternal stress and the infants' iron status. Post hoc testing was based on planned orthogonal contrasts. Logistic regression was used to assess the likelihood of iron deficiency at 12 months of age. Given our aim to examine the association between maternal stress in the context of established risk factors, covariates known to affect perinatal iron status were identified.
For ease of interpretation, nontransformed continuous variables are shown, but log-transformed variables were used in all statistical analyses. Significance was set at P < .05. Table I provides descriptive statistics for maternal demographic, clinical, and delivery characteristics. Of the enrolled neonates, 52.8% were male, and 71.8% were white. Because diabetes was a selection criterion, 34.5% were LGA, with 12.2% small for gestational age. Seven newborns (0.03%) were ≤37 weeks of gestation. Most infants (76%) were delivered vaginally. Compared with mothers delivering vaginally, mothers with cesarean deliveries did not differ by ethnicity, nor did they report more stress during pregnancy.
Results
Delivery mode did not affect cord blood zinc indices; however, cord blood plasma ferritin levels were lower in newborns from caesarean deliveries (F1,243 = 7.93, P = .005). This difference reflected that overweight, diabetic, and older mothers were more likely to deliver via caesarean delivery (r = 0.22, P < .001; r = 0.23, P < .001; r = 0.22, P < .001, respectively). Delayed cord clamping, which occurred after 62% of the vaginal deliveries, was not predictive of cord blood ZnPP/H indices but was associated with higher cord blood plasma ferritin levels as compared with traditional cord clamping at <1 minute (F1,243 = 6.94, P = .009). The prevalence of obesity and gestational diabetes did not differ across ethnic groups, but anemia during early pregnancy was more common in white women (41% in white vs 20% in Hispanic women; c 2 [1] = 4.51, P = .034). Black and Hispanic women were more likely to be of lower SES (79% and 73% vs 24%; c 2 [3] = 64.23, P < .001) and were younger than the white women (F3,241 = 6.61, P < .001).
Of the 308 recruited women, 245 completed the Perceived Stress During Pregnancy and had cord blood iron indices determined at delivery; 47 left ≥1 question(s) empty, and 16 had incomplete iron measures. Demographics of the excluded participants did not differ significantly from those with all measures.
Psychological Stress Reported by Mothers
The mean score was 31.8 (±29.8) with a range from 0 to 169. For specific items, the mean response was 1.3 (±2.1) with a range from 0 to 3.2, indicating that most women reported lowto-moderate stress during pregnancy. The highest scored item was: You were not able to sleep well or get enough sleep while pregnant. Black women had higher total stress scores than Hispanic or white mothers (F3,241 = 3.12, P = .027). Perceived stress levels were not associated with infant sex.
Cord Blood Iron Indices at Delivery
More perceived stress during pregnancy was positively correlated with higher cord blood RE-ZnPP/H (r = 0.19, P = .003) and D-ZnPP/H (r = 0.21, P < .01; Figure 1, A) . A similar trend was evident for cord blood ZnPP/H (r = 0.12, P = .075). The effect of maternal stress on cord blood RE-ZnPP/H and D-ZnPP/H was influenced by newborn sex, with aboveaverage maternal stress being more predictive of higher cord blood RE-ZnPP/H and D-ZnPP/H in male than female infants (F1,241 = 4.92, P = .028; F1,241 = 4.89, P = .028, respectively). Overall, ZnPP/H and RE-ZnPP/H were significantly higher in the cord blood of male than female newborns (F1,243 = 9.23, P = .003; F1,243 = 5.21, P = .023, respectively; Table II) . Although perceived stress predicted the ZnPP/H indices, it did not further account for lower cord blood plasma ferritin beyond the influence of other risk factors. Maternal BMI at delivery was positively correlated with cord blood RE-ZnPP/H and D-ZnPP/H and negatively correlated with cord blood plasma ferritin (r = 0.12, P = .053; r = 0.12, P = .047; and r = -0.16, P = .011, respectively). Furthermore, maternal adiposity accentuated the influence of perceived stress during pregnancy, resulting in a significantly larger effect of total stress on both cord blood RE-ZnPP/H (F1,241 = 5.98, P = .015) and cord blood D-ZnPP/H (F1,241 = 5.98, P = .002). Specifically, the effect of maternal stress was greater in women with a BMI ≥35 at delivery (Figure 1, B) . Maternal adiposity accentuated the influence of perceived stress on size at birth, as reflected by a larger ponderal index, but only for male newborns (F1,127 = 5.16, P = .025). The BMI of mothers who delivered sons was significantly larger than for mothers of daughters (F1,243 = 4.65, P = .032).
Conversely, the influence of maternal stress on the iron status of female infants was related to sociodemographic factors. Cord blood ZnPP/H, RE-ZnPP/H, and D-ZnPP/H were higher in female infants if their mothers reported more stress and were of black or Hispanic ethnicity (F1,103 = 2.91, P = .08; F1,103 = 4.53, P = .036; and F1,103 = 7.70, P = .007, respectively). The influence of lower SES was more evident if the women delivered a daughter. Higher cord blood RE-ZnPP/H levels were found in female infants born to women with low SES reporting greater stress (F1,111 = 4.52, P = .036; Figure 1 , C). These differences in iron status remained significant when maternal age, delivery BMI, gestational diabetes, maternal anemia, prenatal iron supplement or vitamin use, and gestational age at delivery were controlled in the analyses.
Stage 1 Iron Deficiency at 1 Year of Age in Infants Who Were Breastfed
The longitudinal analyses focused on 79 infants breastfed for >6 months who returned for blood collection at 1 year of age. The demographics of these infants not differ significantly from the 109 infants assessed only at birth, nor did they differ from the 57 formula-fed infants with follow-up iron indices. However, mothers who breastfed for >6 months did report lower stress on average than the mothers of formula-fed infants (F1,243 = 4.35, P = .038). Nevertheless, among the breastfed infants, 19 (24%) Figure 1 . A, Correlation of D-ZnPP/H in cord blood with maternal perceived stress scores (r = 0.22, P < .001). B, Correlation of D-ZnPP/H with maternal stress was significantly higher in infants born to mothers who had a BMI ≥35 at the time of delivery (P < .01). C, Correlation of maternal stress and cord blood RE-ZnPP/H in female infants born to mothers of low SES (P = .01). WIC, Women, Infants, and Children.
Table II. Cord blood iron status indices in male and female infants from mothers reporting low and high stress during pregnancy
Iron statues indices n Low stress (n = 156) High stress (n = 89) 2-way ANCOVA (n = 245) Values are mean (SD). High stress based on questionnaire scores at or above the mean value of 32. *Indicates significantly different from low stress males at P < .05.
had plasma ferritin levels <12 µg/L at 1 year, indicative of a moderate nonanemic iron deficiency. 11, 28 Twelve were white, 2 were black, 4 were Hispanic, and 1 was of mixed ethnicity. Overall, having stage 1 iron deficiency at 1 year was associated with having had higher cord blood ZnPP/H indices at delivery. (Figure 2, B) . Reporting more maternal stress and delivering an infant with above-average cord blood RE-ZnPP/H increased the odds of a low plasma ferritin at 1 year by 36-fold as compared with low-stress pregnancies (95% CI 1.33-6.83, P = .007).
Discussion
Our study concurs with previous reports indicating that maternal psychological stress can worsen newborn iron status and also shows a subsequent influence on infantile iron deficiency at 1 year of age. This effect was evident, even though the participating mothers reported experiencing only low-tomoderate levels of distress. The cohort was not selected for any major traumatic life events but evinced an influence of stress on iron biology similar to the impact of more intense and sustained stressors evaluated in animal models. 36 Maternal stress also appeared to summate with other risk factors known to affect newborn iron status, including maternal obesity, minority status, and being of low SES. 9 A high cord blood ZnPP/ H, reflecting lower newborn erythrocyte iron, proved to be a sensitive predictor of the likelihood of stage 1 iron deficiency at 1 year of age in infants who were breastfed. This finding is in keeping with other studies demonstrating that low iron stores at birth increase the risk for low plasma ferritin at 9 months of age. 37 Although breast milk usually provides optimal nutrition, the iron content of human milk is actually relatively low (0.2-0.4 mg/L), and breastfeeding alone cannot compensate for an inadequate fetal iron endowment. 6, 28, 38 Maternal stress also added to the effects of maternal obesity, resulting in poorer newborn erythrocyte iron and an increased likelihood of stage 1 iron deficiency at 1 year of age in the breastfed infants. Although not a frank clinical anemia, even this type of moderate iron deficiency has been linked to neurodevelopmental concerns for infants and later for adolescents. [39] [40] [41] [42] Psychological stress can act on many of the same pathways as physiological stressors, including on nutritional processes such as iron availability. 43 Maternal stress specifically may impact iron biology at several levels. First, hepcidin-mediated sequestering of iron in maternal tissue could decrease the transfer across the placenta. In addition, in a manner similar to obesity, the maternal response to a stressful pregnancy activates inflammatory processes, 44 potentially interfering with the necessary 4-fold increase in intestinal absorption of iron and functionally impeding placental iron transfer.
14,15
Figure 2. A, The predicted probability (and 95% CIs) of low plasma ferritin indicative of depleted iron stores (<12 µg/L) at 1 year of age, estimated with logistic regression from cord blood ZnPP/H values at birth. Circles denote each individual infant. The odds of having lower plasma ferritin increased significantly by 1.03 for every unit increase in ZnPP/H at birth. B, Probability of stage I iron deficiency at 1 year by iron stores at birth (assessed using Re-ZnPP/H) and pregnancy stress reported by mothers. *Indicates significant difference between groups.
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Stress-induced increases in fetal oxidative metabolism and iron use may also occur, especially in the context of an obese or diabetic pregnancy. Other physiological systems also can be affected by stress or physical insults during pregnancy, including the pituitary-adrenal axis, as well as the documented influences on oxygen and nutrient delivery. 45, 46 Furthermore, it has long been known that a rapid and acute decrease in circulating transport iron along with increased storage iron (ferritin) are components of the acute-phase response to infection and trauma even in nonpregnant individuals.
Although other studies have documented that extremely traumatic events can affect pregnancy outcomes, including increasing the risk for prematurity and low birth weight, the findings on adverse outcomes following moderate stress are more mixed. 47, 48 These inconsistencies may be due in part to the assessment strategy; some found that quantifying the number of actual stressful life events is more sensitive, whereas others focused on perceived subjective distress. 49 Studies relying on the Perceived Stress Scale, 50 which does not probe for distress specifically associated with pregnancy, may not be sufficiently sensitive enough to capture maternal anxiety during pregnancy. The Perceived Stress Scale was found previously to be unrelated to cortisol levels in maternal plasma or amniotic fluid, nor was it predictive of neonatal measures. 51, 52 Measures of stress that focus on pregnancy-related concerns seem to be better predictors of risk of preterm birth than measures of general anxiety. 49, 53 For these reasons, we adapted a questionnaire to record the mothers' views about their health, finances, parenting, familial and partner relationships, housing, and employment, as well as their anticipatory concerns about their infants' health and delivery complications.
In general, mothers who bore male offspring had a slightly larger BMI, and their infant's cord blood ZnPP/H was higher. Maternal adiposity appeared to compound the influence of perceived stress on iron status in male infants. Sex differences in fetal growth rates and in response to maternal prenatal conditions have been reported by others. 54, 55 Male fetuses tend to show a greater sensitivity to maternal metabolic state and glucoregulation 56 and are more likely than female fetuses to be LGA or macrosomic if their mothers had a high pregestational BMI or were diabetic during pregnancy. 57 Unexpectedly, we found the dual influence of maternal stress and sociodemographic factors was actually greater on the iron status of female neonates. Mothers from low SES or ethnic minority backgrounds reported more stress and had a higher cord blood ZnPP/H if their newborn infant was a female. The reason for this sex specificity is not known and warrants further investigation in other populations, given our relatively small sample size: only 24% of the 115 female infants were delivered by women from an ethnic minority.
One strength of our study was that the follow-up evaluation focused on infants breastfed for >6 months, to diminish the corrective influence of iron-fortified formulas. In addition, our analyses considered the type of delivery, because cesarean deliveries were more common in obese women. However, some limitations also should be acknowledged. The women were recruited after delivery; thus, our assessment of maternal stress during pregnancy was retrospective. Delivery outcomes could potentially influence questionnaire responses, 58 but we excluded delivery complications and any premature births that necessitated special care of the newborn. It also should be highlighted that the questionnaire was administered during the hospital stay in a comfortable and supportive birthing center, rather than after the stressful return home. In addition, given that 75% of fetal iron is acquired during the last trimester, 27 maternal recall at delivery may be best for measuring the extent to which stress during those preceding few months can affect iron transfer. Studying erythrocyte iron is important because 80% of newborn iron is contained in erythrocytes and iron is prioritized for Hb, even over vital tissues, such as the brain. 59, 60 The erythrocyte iron-related measure, ZnPP/H, reflects recent red blood cell physiology, especially the D-ZnPP/H indicative of the most recently produced cells. 29 Many animal and human studies of gestational stress have indicated even larger effects of stress during early pregnancy, 20, 61, 62 so it is now important to conduct a larger prospective analysis with serial reporting of perceived stress during all 3 trimesters, considering the sex of the infant, and serially collecting health measures postnatally. Finally, our assessment of longterm outcomes was limited to a smaller number of breastfed infants because iron-fortified formulas would protect from iron deficiency. 28 We focused on a moderate iron deficiency at 1 year of age-evinced by low plasma ferritin in the context of normal hematology-because more severe clinical anemia is less prevalent among well-nourished American infants. However, National Health and Nutrition Examination Survey indicates that 7%-10% of American infants still experience this type of stage 1 iron deficiency, 12 and some studies suggest that even moderate iron deficiency can adversely influence neurodevelopment. [39] [40] [41] [42] Our findings indicate that maternal stress during pregnancy can affect iron transfer and the iron status of infants at delivery. In addition, poorer erythrocyte iron in the context of self-reported maternal stress increased the likelihood of stage 1 iron deficiency at 1 year of age. From a practice perspective, the results concur with the consensus view that these otherwise-healthy infants with common risk factors, including maternal obesity and gestational diabetes, should be screened at a younger age of 6-9 months, especially if the parents opt for prolonged breastfeeding. Preemptive prevention strategies with iron fortification would be effective if initiated early. 63 Identifying maternal stress as an additional risk factor for iron deficiency is likely an accentuated concern for certain at-risk women during pregnancy. Our findings also highlight the importance of focusing on psychological wellbeing as a key component of personalized prenatal care.
